A coherent laser radar system operating at the 1.06-gim Nd:YAG laser wavelength has been built and operated. A laser-diode-pumped monolithic ring laser served as the master oscillator. A single flash-lamp-pumped zigzag slab amplified the oscillator output to a power of 2.3 kW. Single-mode optical fiber was used to collect and mix the return signal with the local-oscillatQr output. Signals from clouds at a range of 2.7 km and from atmospheric aerosols at a range of 600 m were detected.
The basic requirements of a pulse-Doppler coherent laser radar system were described early in the history of the laser. 1 The key elements are a single-frequency, frequency-stable cw or quasi-cw oscillator and some means of amplifying the output of this oscillator to the level required for a detectable return signal. A flash-lamp-pumped ruby-laser transmitter reported in 1966 came close to meeting these requirements, 2 but no report of actual operation was made.
Since 1967 all reported coherent laser radar systems have made use of CO 2 lasers operating near 10 Aim.
The versatility of CO 2 laser technology makes possible both stable cw operation and high-gain pulsed amplification. Despite the success of C0 2 -based laser radar systems, solid-state laser radar systems are interesting for two reasons. First, for some applications the small size and long operational lifetime promised by the developing technology of laser-diode pumping would be of great value. Second, the higher frequency of Nd3+ lasers is preferable for some applications, especially those for which atmospheric turbulence is not a problem.
The theoretical capability of a 1.06-,um laser radar wind-measurement system has been compared with that of a 10.6-gm system. 3 ' 4 The measurement capabilities of systems with comparable transmitter power levels have been found to be similar. A major drawback of the 1.06-gm wavelength is lack of eye safety.
We report a pulse-Doppler coherent laser radar operating at the 1.06-,um Nd:YAG laser wavelength. 5 Technical innovations that made this system practical for the first time include the development of laserdiode-pumped Nd:YAG oscillators of extreme frequency stability, 6 ' 7 the development of a compact, high-gain linear amplifier, 8 and the use of single-mode fiber to collect, guide, and mix the return signal with the local-oscillator output. Figure 1 (a) is a schematic of the complete coherent laser radar transmitter-receiver system. A diodepumped cw oscillator operates at a fixed frequency. The output of the oscillator passes through a permanent-magnet optical isolator. The oscillator output is gated and frequency shifted by an acousto-optic modulator before amplification. The linear amplifier generates high-peak-power pulses, which are then transmitted by a parabolic mirror. Signal returning from distant targets to the mirror is collected in a singlemode optical fiber, mixed with the oscillator output, and detected.
Figure 1(b) shows an alternative configuration of the coherent laser radar system, with two optical-frequency oscillators. The second oscillator, called the local oscillator, is held at some fixed frequency different from that of the master oscillator. The return signal is mixed with the output of the local oscillator. Since the local oscillator may be tuned as far as 100 GHz from the master, the nulling of large frequency shifts due to platform velocity is possible.
We have built a laser radar system and have demonstrated its operation using the first configuration. In what follows we describe the components used to realize a coherent laser radar at 1.064 gim, or 282 THz. We initially hoped to use a diode-pumped monolithic rod laser as the oscillator for our coherent laser radar. The standing-wave laser-diode-pumped oscillators were extremely stable in frequency but were sensitive to feedback from external optics and had disappointingly low-power single-mode output. 9 Single-mode power levels exceeding 200-AW have not been observed reproducibly. We invented a nonplanar, ring geometry monolithic resonator that overcomes these problems. 7 It uses a four-mirror nonplanar ring resonator. When it was pumped by a 200-mW diode-laser array, 10 single-mode output of 24.5 mW was achieved. No feedback-induced instabilities were observed with the ring oscillator.
The frequency stability of the oscillator was measured by observing the difference frequency between independent oscillators. The ring oscillator output was mixed with that of the standing-wave rod oscillator. The spectrum of the resulting interference signal was observed by using a spectrum analyzer. Figure 2 is a spectrum analyzer trace of the beat signal. With a spectrum analyzer sweep time of 10 msec, the FWHM of the linewidth is seen to be 3 kHz, or 1 part in 1011.
The 25-mW output of the cw oscillator was still orders of magnitude below what is required for detectable return signal from remote targets, so amplification is required. We built a multistage amplifier that utilized a single zigzag-slab gain element. 1 8 After four stages, and 62 dB of gain, unavoidable feedback led to parasitic oscillation of the amplifier. Additional gain would require another stage of optical isolation. In practice, we found three stages to be stable and achieved 56 dB of gain with an output pulse energy of 12 mJ. The extractable energy was low, since high gain requires that the amplifier not be saturated. The gain diminished significantly when more than 12 mJ of energy was extracted. The repetition rate of the amplifier was limited to 10 Hz by thermal effects in the slab, which spatially distorted the amplified beam. Careful thermal engineering, and more efficient pumping such as by arrays of laser diodes, could lead to an increase in the repetition rate. The minimum pulse length was limited to 0.25 psec by the speed of the acousto-optic modulator. The FWHM of the gain in the flash-lamp-pumped pulsed amplifier was 30 psec, and this placed an upper limit on pulse length.
The use of single-mode fiber solves many of the practical problems of heterodyne detection. The mechanical flexibility of single-mode fiber eliminates the necessity of precisely positioning the several components of a heterodyne detection system. This leaves a single critical adjustment, namely, positioning one fiber end in the focal plane of the telescope. This ease of alignment is accomplished at near ideal efficiency.
The high efficiency is due to the fundamentally single-mode nature of the heterodyne detection process. A characteristic of heterodyne detection is that the maximum signal-to-noise ratio results when there is only a single spatial mode of the radiation field detected and that is the mode containing the most power."1 The near-perfect Gaussian mode of the fiber ensures that at all times exactly one mode is detected, while the flexibility of a fiber permits easy adjustment of the detection system to ensure that the strongest mode is the one detected.
Directional fiber couplers and fiber-coupled optical detectors are technical developments that simplify the construction of a coherent optical system. A directional fiber coupler 1 2 permits the efficient combining of two beams from two fibers while maintaining singlemode propagation. The coupler fills the role of a partially reflecting mirror in a conventional system yet is better because it is impossible to misalign and permits continuous variation of the beam-combining ratio.
The photodetector that we used was an InGaAs P-I-N photodiode. The fiber pigtailed photodiode had a quantum efficiency of 60% and a 500-psec rise time. Its 50-,m diameter kept capacitance to 1 pF and leakage current to 9 nA. The dominant source of detector noise was noise in the preamplifier. This noise was equivalent to the shot noise produced by 48 gW of incident optical power. Thus at least that much localoscillator power is needed to reach quantum-limited detection. One milliwatt of output was coupled into the fiber to be mixed with the return signal. The large surplus of local-oscillator power permitted efficient use of the signal, as the fiber directional coupler could be adjusted to pass 90% of the signal and still leave the detection quantum limited.
Once system integration and alignment were completed, we began the search for return signal. For convenience and eye safety, our telescope was at all times directed vertically. Clouds and clear air were the only possible targets.
We operated with the diode at its full output of 200 mW, yielding 15 mW of single-axial-mode output from the ring oscillator. The flash-lamp-pumped amplifier operated at an input energy of 70 J per pulse and a repetition rate of 10 Hz. The output from the amplifier and acousto-optic modulator was 2.3 kW in pulses variable in length from 0.5 to 7 ,usec. These pulses were transmitted by the telescope. (a) Transcm. The telescope eyepiece lens was translated along the beam axis to focus the beam on the clouds above. Signal was sought in the few microseconds following the transmitted pulse. Recovery from detector saturation took less than 1 gsec, resulting in a minimum range of less than 150 m. Figure 3 contains two oscillograms. Both show the transmitted pulse of 7-,gsec duration as a black region, since the oscilloscope was driven off scale. No return signal is seen in Fig. 3(a) recorded. Figure 4(a) shows the noise following a shorter pulse, of 2-gsec duration. Return from aerosols suspended in clear air at a range of 600 m is seen in Fig. 4(b) .
In conclusion, we have demonstrated coherent lidar at 1.064-gim or 282-THz frequency using an all-solidstate Nd:YAG-based transmitter. This work demonstrates the potential for efficient, compact all-solidstate coherent radar. Future advances in solid-state lasers should make possible eye-safe operation and laser-diode-array pumping for higher efficiency and improved operational life.
